INTRODUCTION
One hallmark of signal transduction events is the phosphorylation-induced transition of a protein from one activity state to another. Kinases, phosphatases, transcription factors, and enzymes all can be influenced by phosphorylation. However, it is becoming apparent that, in many cases, phosphorylation alone does not induce the change in activity state. Rather, it is the phosphorylation-induced association with 14-3-3 proteins that results in the transition to changes in activity.
The 14-3-3 proteins were characterized initially during a survey-and-catalog project of proteins that appeared to be specific to mammalian brain tissue (Moore and Perez, 1967) . Proteins were given operational designations based on chromatography elution and starch-gel electrophoresis profiles. Several three-numbered proteins appeared to be brain specific, including 15-4-1, 4-4-2, and 14-3-3. For the 14-3-3 proteins, this three-numbered designation has become their de facto name, even though it conveys no functional information and causes continuing problems with nomenclature.
Because they were found at high concentrations in specific regions of the brain, it was concluded initially that 14-3-3s were involved in specific functions of the nervous system. A follow-up study found that 14-3-3s were transported along axons, supporting a relationship with neuronal activity that was supported further by the biochemical activity of a 14-3-3 protein as an activator protein of the brain enzymes Trp hydroxylase and Tyr hydroxylase (Yamauchi et al., 1981) . Trp and Tyr hydroxylases are the rate-limiting enzymes in the biosynthesis of the catecholamine and indolamine neurotransmitters, and their activation clearly requires 14-3-3s, along with Ca 2 ϩ , calmodulin, and calmodulin-dependent protein kinase (Ichimura et al., 1987 (Ichimura et al., , 1991 (Ichimura et al., , 1997 . This initial identification of the kinase-related interaction of 14-3-3s and target molecules would emerge as a key aspect of 14-3-3 participation in cellular regulatory pathways and would transcend their expanded discovery in many tissues and organs other than the brain. In fact, as 14-3-3s were identified in plants, they also were being discovered in a large number of experimental contexts well beyond brains .
Throughout this expansion of experimental contexts, which continues today, the main recurrent theme has been that 14-3-3 proteins interact physically with client proteins when the client is specifically phosphorylated and that the binding of 14-3-3s in this phosphorylation-dependent manner completes an important step in signal transduction. Indeed, there is increasing recognition that phosphorylation alone is not always sufficient to complete the transduction of the regulatory signal into a change in the activity state of the client. Physical association with additional regulatory proteins, particularly the 14-3-3s, can be absolutely required to complete the signal-induced transformation of the activity of the client. Thus, 14-3-3s now are viewed within a general context of signal transduction that is wide ranging and not at all limited to nervous tissue. Moreover, the discovery that kinases and phosphatases themselves can be bound and regulated by 14-3-3s (Aitken, 1995; Aitken et al., 1995b; Conklin et al., 1995; Camoni et al., 1998) firmly establishes 14-3-3s as integral components of signal transduction pathways. It should be noted, however, that 14-3-3s also can bind certain nonphosphorylated targets, indicating that they also have roles outside the context of phosphorylationmediated signal transduction.
In this review, we examine several known clients of 14-3-3 phosphoregulation to place the basic models into operational contexts and consider the implications of the diversity of structure and function present within the 14-3-3 family. Finally, the possible implications of the full range of 14-3-3 influence are considered by examination of the potential number of 14-3-3 client proteins present in the Arabidopsis genome.
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CELLULAR CONTEXTS OF 14-3-3 ACTIVITIES
A wide array of biological functions involving kinase-mediated signal transduction, growth and developmental regulation, and response to environmental stress have been attributed to members of the 14-3-3 family. The notable recurrent themes in these diverse systems are the involvement of protein-protein interactions, divalent cations, kinases, and phosphatases, and the role of 14-3-3s continues to center on direct participation in signal transduction events (Morrison, 1994 (Morrison, , 1995 . Although not exhaustively complete, this survey highlights these themes and roles.
Kinase-Mediated Signal Transduction
Signal transduction via protein phosphorylation is a common pathway for many organisms. Perhaps the best studied of these is the GTP-dependent Ras pathway. The stimulation of cell division by extracellular growth factors involves the receptor-based production of active Ras, which then turns on a series of protein kinases, including Raf-1, which activate enzymes in the nucleus that are critical for message transduction, including the transcription factors. In 1994, several investigators independently identified 14-3-3s within the Ras pathway as activators of Raf-1 (Fantl et al., 1994) , and 14-3-3 proteins were found to associate with Raf-1 in vivo while completing its activation and recruitment to the membrane (Freed et al., 1994; Irie et al., 1994) . Since these initial reports, other kinases have been shown to either bind to or be activated by 14-3-3s (Maru and Witte, 1991; Reuther et al., 1994; Liu et al., 1997) , including the notable calciumdependent protein kinase (CDPK) (Camoni et al., 1998) .
Growth and Developmental Signaling
In several organisms, it has become apparent that 14-3-3s play a pivotal role in the growth and development of the cell. A clear example of this comes from the study of the yeast Saccharomyces cerevisiae 14-3-3s, known as BMH1 and BMH2 (van Heusden et al., 1995) . Strains with disrupted BMH genes grow more slowly on minimal medium, and double mutants are lethal. Normal growth rate, however, can be rescued by heterologous expression of one of several 14-3-3s, including four different Arabidopsis isoforms (van Heusden et al., 1996) . Examples of the involvement of 14-3-3s in higher order growth and development are available, especially for Drosophila melanogaster , in which the leonardo mutation demonstrates that 14-3-3s play a role in synaptic growth and learning Davis, 1996, 1998; Broadie et al., 1997; Li et al., 1997) . The presence of an inherited variant of a human 14-3-3 has been associated with early-onset schizophrenia (Toyooka et al., 1999) .
Response to Stress
The study of stress induction in different organisms has led to the identification of 14-3-3s as integral components of response pathways. Environmental conditions affect 14-3-3s directly, because external stimuli such as cold and increased salt or Suc have led to altered regulation of plant 14-3-3s (Kidou et al., 1993; Chen et al., 1994; Jarillo et al., 1994) . Biological interactions between organisms also engage 14-3-3s, as in the Pseudomonas aeruginosa exotoxin S, which requires a cellular 14-3-3 for activity (Fu et al., 1993) . A direct relationship exists between 14-3-3s and the receptor for the wilt-inducing phytotoxin fusicoccin (FC) (Oecking et al., 1994; Aducci et al., 1995 Aducci et al., , 1996 de Boer and Korthout, 1996) . Interactions with 14-3-3s regulate the H ϩ -ATPase under normal physiological conditions via blue light excitation in guard cells (Emi et al., 2001) , and the complex between 14-3-3s and the H ϩ -ATPase forms a binding site for FC.
Structure and Movement
There are examples of 14-3-3 proteins interacting with proteins that would not normally be considered enzymes or be subject to signal-induced transitions in activity. Keratin intermediate filaments are expressed in simple-type epithelia and are responsible for cell structural integrity, and 14-3-3s associate with keratins where they act as solubility factors (Liao and Omary, 1996) . Other structural roles for 14-3-3s are indicated by the localization of 14-3-3s to the mitotic spindle apparatus, by associations with centrosomes (Pietromonaco et al., 1996) , and by interactions with other cell scaffold-type proteins (Dellambra et al., 1995; Du et al., 1996) . In certain contexts, 14-3-3s serve to alter the subcellular localization of their clients. The 14-3-3s contain a nuclear export signal, such that interaction between 14-3-3s and clients within the nucleus serves to assist in the nuclear export of the client (Rittinger et al., 1999; McKinsey et al., 2000) .
14-3-3s RESOLVE SIGNAL TRANSDUCTION EVENTS
The underlying paradigm for 14-3-3 participation in signal transduction events is the phosphorylation-dependent association of 14-3-3s with their clients, and as a result of this binding, the client molecule undergoes a change in activity state (Figure 1 ). The key aspects of the model are as follows:
(1) the change in activity state of the client molecule does not occur until the binding of the 14-3-3s, and (2) the binding of 14-3-3s is a requisite step in the process of signalinduced transition. This entire regulatory process would be contingent on the cellular levels of 14-3-3s, the kinase and phosphatase that act on the client enzyme, and divalent (A) The basic paradigm for 14-3-3 regulation is a two-step process whereby the target protein is phosphorylated by a kinase but remains in its initial activity state until 14-3-3s bind in the presence of divalent cation to complete the transition to a new activity state. (B) NR regulation by 14-3-3s is an extension of the basic paradigm. In its unphosphorylated state, NR is active. Phosphorylation by CDPK does not inactivate NR, but phosphorylation does tag the enzyme for 14-3-3 binding, which completes the signal-induced transition toward inactivation. NR that is phosphorylated and bound by 14-3-3s may be inactivated directly in a reversible fashion or may be destabilized and subjected to proteolysis. (C) Aspects of the paradigm model apply to the apparently specialized case of 14-3-3 regulation of H ϩ -ATPase, in which binding in the presence of FC locks the enzyme into a highly active state. In the absence of FC, 14-3-3s bind to increase the activity of H ϩ -ATPase in a regulatable manner.
cations. This complex contingency, as well as the large number of possible 14-3-3 isoform combinations (see below), allows for multiple regulatory controls on the client activity.
The most deeply explored biological function involving plant 14-3-3s is the regulation of metabolic enzymes, with nitrate reductase (NR) as the prime example ( Figure 1B) . NR is the rate-limiting enzyme in nitrogen fixation in plants (Campbell, 1996) . NR regulation involves inactivation by phosphorylation, but phosphorylation itself does not inactivate NR. The complete inactivation process requires divalent cations and the binding of a 14-3-3 to the phosphorylated NR. The exact mechanism of the transition to inactivity of NR after binding of 14-3-3s is not understood entirely. In the basic paradigm model, NR, when phosphorylated and bound to divalent cations and 14-3-3s, is simply inactive, and that inactivity is reversible upon the removal of 14-3-3s and dephosphorylation (Huber et al., 1996) . In a model extended from the paradigm, NR that is phosphorylated and bound by divalent cations and 14-3-3s is still active, but it is in an unstable state that is subject to proteolysis Kaiser, 1999, 2000; Kaiser and Huber, 2001 ). Regardless of the specific mode of NR inactivation, it is clear that the binding of 14-3-3s is a required part of the inactivation process. Although this conclusion is based largely on in vitro experiments, in extracts from spinach leaves, 14-3-3s are associated with NR only in the dark, in which the in vivo activity of NR is inhibited (Weiner and Kaiser, 1999) , clearly supporting an in vivo role for the 14-3-3 regulation of NR.
One of the fundamental points that emerged from the primary work on NR and 14-3-3 interactions was the concept of binding sequence conservation. For example, a phosphopeptide based on the animal Raf-1 sequence can block the inactivation of NR by competition for 14-3-3 binding, and a consensus phosphoserine binding sequence can be derived from the observation of both NR and Raf-1 that extends to other 14-3-3-regulated proteins. This indicates that the core of the central paradigm model for 14-3-3 regulation ( Figure  1 ) likely is consistent across a wide range of 14-3-3-regulated events (Huber et al., 1996; Sehnke and Ferl, 1996) . This conclusion is strengthened by similar binding sites and regulation of other enzymes, perhaps most notably Suc phosphate synthase (Toroser et al., 1998 ). Yet, although the central themes of phosphorylation-dependent binding and regulation are largely consistent, the regulated outcome can be inactivation, activation, or some other alteration of the client molecule.
Such variation is necessary to explain 14-3-3 participation in the regulation of the plasma membrane H ϩ -ATPase and the effects of FC (Jahn et al., 1997; Fullone et al., 1998; Olsson et al., 1998) . In this case, 14-3-3s are positive regulators of H ϩ -ATPase activity. When 14-3-3s and Mg 2 ϩ are bound to the C-terminal region of the H ϩ -ATPase, pump activity is stimulated to a high-activity state that is unstable and revertable. In the presence of FC, however, the regulatory effect is a locked high-activity state ( Figure 1C ) that appears to account for the wilting syndrome induced by FC. The continuous H ϩ -ATPase activity drives guard cell solute uptake, resulting in increased turgor pressure and leading to excessive transpiration. Proteolysis also may play a role in H ϩ -ATPase regulation, in that 14-3-3s may maintain the activation of the H ϩ -ATPase by protecting it directly from proteolytic removal of its regulatory C-terminal domain (Malerba and Bianchetti, 2001 ).
STRUCTURE OF 14-3-3s
The crystal structure has been solved for two mammalian 14-3-3s (Liu et al., 1995; Xiao et al., 1995) . The protein sequences of 14-3-3s are highly conserved across evolutionary lineages, and the extreme conservation of the central core region of 14-3-3s makes the animal structure a very likely fit to the general features of plant 14-3-3s ( Figure 2 ) (Ferl et al., 1994; . However, both of the known crystal structures fail to resolve the N and C termini, which are highly divergent among isoforms. Thus, it is possible to consider the paradigm regulatory features of 14-3-3s to be associated with the central conserved core while recognizing that the divergent termini might contribute to specific regulatory functions.
The main feature of the 14-3-3 structure is a double-barreled, W-shaped clamp formed from the essentially antiparallel helices of the dimer pair. Each monomer produces a channel that is sufficient in size and shape to accommodate interaction with a phosphorylated peptide from a client protein (Yaffe et al., 1997; Petosa et al., 1998) . Because 14-3-3s exist as dimers, it is possible that they could bring together two different proteins, or two different domains within one protein, allowing a direct interaction between the clients Yaffe et al., 1997) . The divergent C terminus that lies over the channel could form a cap over the open end of the clamp, and there is a divalent metal binding site near the point at which the C terminus hinges to the main structure (Lu et al., 1994) . The binding of divalent cations often is a requirement for 14-3-3 interaction with clients (Athwal et al., 1998a (Athwal et al., , 1998b , so the basic paradigm model in plants can be extended to include the C terminus and the metal binding hinge as a flexible structure that can regulate entry and exit from the phosphoserine binding grooves (Lu et al., 1994) .
STRUCTURE OF THE 14-3-3-CLIENT COMPLEX
Subsequent to the solution of the 14-3-3 structures, two crystallographic studies were reported that characterized the specific binding of phosphoserine-containing target peptides to 14-3-3s (Yaffe et al., 1997; Rittinger et al., 1999) . As predicted from previous studies, the central amphipathic channel created by the helices of the 14-3-3 is the site of phosphopeptide interaction, with the phosphoserine point-14-3-3 Proteins S343 ing toward the positively charged base of the channel. Specific ligand contacts also were clearly distinguishable for both types of peptides examined. However, because of the limited length of the target (15 amino acids), details regarding full-length client protein contacts and perturbations to the 14-3-3 structure were not identifiable.
The crystal structure of a 14-3-3 together with its client protein, serotinin N -acetyltransferase (AANAT), was reported recently, and the structure addresses some unresolved 14-3-3 features (Obsil et al., 2001) . The structure of the complex confirms the essential aspects of the independently solved models of both AANAT and 14-3-3 (Liu et al., 1995; Hickman et al., 1999) and essentially agrees with the previous 14-3-3/phosphoserine-containing peptide crystal models (Rittinger et al., 1999) . The most significant difference between the models of the free and complexed 14-3-3s is the opening up of the central channel and the outward movement of helix 8 away from the channel. This movement involves repositioning of the loop between helices 8 and 9, the region in plants that is responsible for divalent cation binding (Lu et al., 1994) .
MODE OF ACTION OF 14-3-3s
Although mechanistic information garnered from one 14-3-3-client structure has been established, it is not known if it is representative of all 14-3-3 interactions. The apparent presence of multiple binding sites within a client molecule further complicates this issue, because binding and regulation may be two separate events (Fantl et al., 1994; Jelinek et al., 1996; Clark et al., 1997) . Furthermore, examples of 14-3-3 binding solely via nonphosphorylated sequences also exist, adding to the complexity of what would seem to be a uniform mechanistic model that would label 14-3-3s as simply phosphoserine/Thr binding proteins (Halbach et al., 2000; Zhai et al., 2001 ). However, structural and biochemical clues to the general 14-3-3 regulatory scheme and the consequences to the client proteins are mounting in the literature.
The structure of the AANAT-14-3-3 complex suggests that binding 14-3-3 involves conformational rearrangements brought about by substrate binding to AANAT before 14-3-3 association. The suggested outcome is that the AANAT-14-3-3 interaction may allow increased access of both substrates to the enzyme, thereby altering its dissociation constant and activity. Isothermal titration calorimetric measurements confirmed the enhanced substrate binding and decrease in the dissociation constant of AANAT when complexed with 14-3-3 (Obsil et al., 2001) .
From biochemical studies of 14-3-3s and their clients, two major mechanisms have emerged that can account for the 14-3-3 regulation of clients in plants. The first is a shielding or stabilization effect. This effect appears to prevent accessibility to proteases and phosphatases. Examples of this effect in plants include the protection of glyceraldehyde-3-phosphate dehydrogenase, glutamyl-tRNA synthetase, Suc-phosphate synthase, CDPK 6, and NR from proteolytic degradation The structure of the main body of the protein is known to be a W-shaped clamp formed by two monomers, each of which is capable of binding phosphorylated peptides. The structure and positions of the extreme N and C termini are unresolved in the crystals, and the C termini likely form a movable flap that can seal the top of the clamp, perhaps depending on divalent cation binding. The conservation of the 14-3-3 protein sequences is evident when the similarity index among all Arabidopsis isoforms is plotted along the length of the molecule. Only three areas of the 14-3-3s show low degrees of similarity: the N terminus, the C terminus, and the region between helices 2 and 3. Shown below the similarity profile are the locations of the helices in the crystal structure as well as the locations of the residues responsible for contacting the phosphopeptide (P contacts) (Rittinger et al., 1999) , the nuclear exclusion sequence (NES) (Rittinger et al., 1999) , and the cation binding site (Lu et al., 1994) . The crystal structure was taken from the protein database 1QJB and was modeled using Cn3D. The similarity profile among Arabidopsis 14-3-3 was calculated using the algorithms available in Vector NTI 7.0 (InforMax, Bethesda, MD).
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The Plant Cell (Cotelle et al., 2000; MacKintosh and Meek, 2001) , enhanced proteolysis of NR (Kaiser and Huber, 2001 ), protection from proteolysis in the regulation of the plasma membrane H ϩ -ATPase (Malerba and Bianchetti, 2001) , and prevention of the dephosphorylation of the 14-3-3 binding site in NR (Bachmann et al., 1996) . The control of this protection is unclear, because it would seem that the 14-3-3s must first be dissociated before the client would be susceptible to phosphatases or proteolytic attack. However, the possibility of altered 14-3-3-client affinity in different physiological environments would provide additional 14-3-3 regulation based on dissociation constants. In addition, the protection can provide either activation or inhibition, as with H ϩ -ATPase or NR, respectively. Usually, the proteolytic effects are not en mass degradation of the protein, such as that of the ubiquitin cascade, but rather simple removal of the portion of the peptide that contains the 14-3-3 binding sequence. This process of 14-3-3 regulation of cleavage also seems to be responsive to external stimuli such as sugar starving and hormonal release (Cotelle et al., 2000) .
The second general mechanism for the modification of a client protein is the addition of a transient nuclear export signal, resulting in nuclear shuttling (Yang et al., 1999; Davezac et al., 2000; Igarashi et al., 2001) . Again, the exact nature of this added shuttling function is not obvious. In the literature, there is support for two theories regarding how nuclear export occurs via 14-3-3 binding. Nuclear export signals have been postulated within the 14-3-3 that, when associated with the client protein, provide nuclear exclusion of the client protein (Dalal et al., 1999; Rittinger et al., 1999) . The other belief is that the mere binding of 14-3-3s to client proteins that contain nuclear targeting signals masks this intrinsic signal and precludes nuclear import of the client protein via direct interference (Muslin and Xing, 2000) .
It also appears likely that 14-3-3s themselves undergo modifications and structural changes that alter their functions and interactions with client proteins. In general, 14-3-3 proteins are known to be modified post-translationally. In animal systems, the N termini of many 14-3-3s are acetylated (Toker et al., 1992) , and the animal ␣ and ␦ isoforms are the phosphorylated versions of the ␤ and isoforms (Aitken et al., 1995a) . In Arabidopsis, the isoform also can be phosphorylated and contains a demonstrable divalent cation binding site that binds calcium with an affinity higher than that of calpain II, the secondary calcium binding sites of calreticulins, and the regulatory sites of troponin C (Lu et al., 1994) . The cation binding site is located in the C-terminal region, in the loop that connects helices 8 and 9 in the crystal structure (Figure 2) (Lu et al., 1994) . In addition, the binding of cations changes the structure of 14-3-3s such that the C-terminal region becomes susceptible to proteolytic cleavage (Lu et al., 1994) and is altered in surface hydrophobicity (Athwal et al., 1998a) . These data suggest that the modification and cation binding state of the 14-3-3s may play a role in the regulation of client binding, perhaps by gating access to the phosphoserine binding grooves of the central core (Lu et al., 1994; . It also has been reported that 14-3-3 dimerization is inhibited by calcium binding, thereby limiting any "clamping" capability of the 14-3-3 (Abarca et al., 1999).
ARABIDOPSIS 14-3-3s
The model for 14-3-3 function, together with the evolutionary conservation that is apparent through much of the 14-3-3 structure, leads to an initial presumption that all 14-3-3s have the same function. Support for this presumption comes from complementation studies in yeast, which indicate that several Arabidopsis 14-3-3s can substitute for the essential 14-3-3 functions in yeast (van Heusden et al., 1996) , as well as studies that demonstrate that alien 14-3-3s can regulate NR (Moorhead et al., 1996) . However, two lines of evidence support the hypothesis that there are important functional differences among the various 14-3-3s present in any multicellular organism. First, most higher organisms have fairly large and diverse 14-3-3 gene families. The central conserved areas of the sequences remain intact, but diversity does occur in several areas, especially at the termini (Figure 2) . Second, biological phenotypes associated with altered 14-3-3 isoforms demonstrate properties that are difficult to explain in the absence of specificity, and various 14-3-3 isoforms have differential affinities for at least certain client proteins.
Diversity: The Arabidopsis Family of 14-3-3 Genes
Because of the complete nature of the Arabidopsis genome project, the Arabidopsis 14-3-3 family serves as an appropriate framework within which to examine 14-3-3 diversity in plants (Wu et al., 1997a; DeLille et al., 2001) . Emerging data from other plant species indicate that there are no plant 14-3-3s that present obvious family members or branches of the 14-3-3 tree that are not represented in Arabidopsis (Ferl et al., 1994; Wang and Shakes, 1996; Wu et al., 1997a; Rosenquist et al., 2000; DeLille et al., 2001) .
The members of the Arabidopsis 14-3-3 family of proteins are named with Greek letter designations. This nomenclature in is keeping with the early 14-3-3 literature, which originally differentiated the 14-3-3 protein variants as isoforms that eluted differentially during column chromatography of brain extracts. It should be noted, however, that the current list of 14-3-3 isoforms from Arabidopsis is based on gene sequences rather than biochemical differentiation. In addition, the three-letter gene name for Arabidopsis 14-3-3s is GRF (general regulatory factor) (Rooney and Ferl, 1995) , and Arabidopsis 14-3-3 gene and isoform designations often include the name GF14 (G-box factor 14-3-3 homolog) preceding the Greek letter (Wu et al., 1997a ).
14-3-3 Proteins
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There are 15 members of the 14-3-3 gene family in Arabidopsis, bearing the gene names GRF1 through GRF15 (DeLille et al., 2001; Rosenquist et al., 2001 ). However, GRF14 and GRF15 appear to be remnant 14-3-3 genes in that they appear to be truncated, and the mRNA expression of GRF13 has yet to be confirmed experimentally ( Figure  3) . Comparison of the Arabidopsis 14-3-3 family isoforms reveals that overall, ‫ف‬ 50% of the amino acids are identical in all isoforms, with large blocks of the central region conserved absolutely in all isoforms. However, the C and N termini are nearly unique for each isoform, supporting the potential for specific functions among isoforms (Figure 3 ) (Ferl et al., 1994; Wu et al., 1997a) . The correlation of deduced amino acid sequence and the intron placement indicate that different 14-3-3 domains may be encoded by separate exons, and what is essentially the highly divergent C terminus is encoded by its own exon (Daugherty et al., 1996) .
Phylogenetic analysis of Arabidopsis 14-3-3 isoforms based on sequence alignment of the central core region, with support from gene structure considerations, divides the Arabidopsis 14-3-3 family into two distinct fundamental groups, the group and the non-group. The and nongroups have been on distinct evolutionary tracks since before the separation of animals and plants (Ferl et al., 1994) (Figure 3) . The group comprises the , , , , and isoforms, all of which demonstrate an exon structure distinct from that of the non-group isoforms. The non-group includes three organizational subgroups. The and isoforms form a group well isolated phylogenetically from the group containing , , and , but they all share a common genomic organization with conserved intron locations. The , , and group contains an extra intron within the 5 Ј untranslated leader (Figure 3) (DeLille et al., 2001 ).
This well-characterized Arabidopsis 14-3-3 protein family provides a reference for understanding fundamental 14-3-3 functions that may be shared among isoforms, as well specialized functions that may be limited to specific isoforms or isoform subgroups. The fundamental principles derived from the 14-3-3 family likely will apply to the family trees of 14-3-3 isoforms in other plant species.
Localization: Hints of Specificity
The presence of a diverse gene family begs the question of specificity of gene expression. Expression patterns of the various 14-3-3 isoforms present in rat brain are regulated differentially and precisely according to the neuron type and the stage of cytodifferentiation (Watanabe et al., 1994) . Analyses of mRNA distribution and 14-3-3 promoter: ␤ -glucuronidase fusions demonstrate that Arabidopsis isoforms, like animal isoforms, can demonstrate a high degree of celland tissue-type specificity (Daugherty et al., 1996; Kuromori The Arabidopsis 14-3-3 family is composed of two main evolutionary branches: the group and the non-group. The evolutionary relationships represented in the tree reflect the phylogenies derived from alignments of the central conserved regions of the Arabidopsis 14-3-3 derived amino acid sequences, and the main branches are supported by the genomic structure of the 14-3-3 genes. BAC, bacterial artificial chromosome. Individual exons are delineated by either different coloration or segmentation.
and Yamamoto, 2000; Rosenquist et al., 2001) . Hence, at least some of the diversity in 14-3-3 genes is present to ensure their fundamental presence in certain cells, tissues, and organs.
The presence of a diverse gene family also creates the potential for biochemical specificity among the gene products and specificity of their subcellular organization. Subcellular localization could be directed by intrinsic 14-3-3 trafficking signals, or 14-3-3s might travel to subcellular locations based on specific physical interactions with client proteins that direct the localization of the 14-3-3-client complex. Specific 14-3-3s have been shown experimentally to occur within organelles, in addition to being found within the cytoplasm. Plant nuclei, plastids, and mitochondria all contain 14-3-3s (de Vetten and Ferl, 1994; Bihn et al., 1997; May and Soll, 2000; Sehnke et al., , 2001 Bunney et al., 2001) . The spectrum of 14-3-3 isoforms present within the organelle can be demonstrably different from the total spectrum present in the cell (Bihn et al., 1997; . For example, and are the only two non-isoforms present in chloroplasts, indicating specificity among nonisoforms for their differential localization and suggesting that chloroplast-specific functions might be limited to and .
Diversity in subcellular localization among Arabidopsis 14-3-3s is demonstrated by 14-3-3-green fluorescent protein (GFP) fusions. GFP itself has a propensity for concentration in the nucleus, but it was found in other areas of the cells in Arabidopsis roots as well ( Figure 4A ). However, when GFP was tagged to the C-terminal end of 14-3-3 , the GFP signal was relocalized prominently to the plasma membrane region of the cell in addition to the nucleus (Figure 4B) . If the GFP is tagged to 14-3-3 , the GFP is driven largely out of the nucleus and into the cytoplasmic parts of the cell ( Figure 4C ), whereas GFP tagged to 14-3-3 was present rather diffusely throughout the cell ( Figure 4D ). These data indicate that these different 14-3-3 isoforms occupy different cellular locations, either because the 14-3-3s are themselves directed to different locales or because the specific client proteins to which the 14-3-3s are bound are localized differentially.
Complicating the issues surrounding subcellular localization are the facts that 14-3-3 localization can be very dynamic and that 14-3-3s can be present as heterodimers or homodimers. In some systems, 14-3-3s function to enhance the nuclear export of their clients, whereas in other systems, the binding of 14-3-3s may interfere with the intrinsic signal of the client (Muslin and Xing, 2000) . In either case, the 14-3-3 is localized dynamically along with the client to which it is bound. In fact, the random GFP tagging of 14-3-3 was recognized experimentally because the fusion altered the localization of GFP (Cutler et al., 2000) . It is clear that different 14-3-3 isoforms can be present in different tissues and in different subcellular compartments. Given the size of the family, even in Arabidopsis, this sets the stage for a complex situation in which any given cell may have several 14-3-3 gene products present in some combination of subcellular compartments. Furthermore, as dimeric proteins, 14-3-3s can exist as homodimers or heterodimers. Heterodimerization occurs easily among Arabidopsis 14-3-3s in vitro (Wu et al., 1997b) and has been demonstrated in vivo (Hachiya et al., 1994) , thus further complicating the already complex situation. The biological outcome of the entire 14-3-3 scenario, then, depends on there being specificity to the interactions and functions contributed by the individual 14-3-3 isoforms, so that their differential presence confers differential activity.
Specificity: Biological Phenotypes and Biochemical Functions
Given the size of 14-3-3 gene families and the wide range of pathways in which 14-3-3 regulation has been implicated, it would be difficult to predict the phenotypes of individual 14-3-3 mutations. In yeast, which have only two 14-3-3 genes, the gross phenotype of the 14-3-3 double disruptant is death. In D. melanogaster , which has at least two 14-3-3s (A) GFP is localized to several areas of the Arabidopsis root cells and tends to concentrate to some extent within the nuclei. (B) to (D) Fusion proteins in which GFP is located at the C terminus of diverse 14-3-3s tend to localize differentially within Arabidopsis root cells. The GFP signal is relocalized prominently to the plasma membrane region but remains concentrated in the nucleus (B). The GFP signal is largely driven out of the nucleus and into the cytoplasmic compartments (C), whereas the GFP signal is present rather diffusely throughout (D). Coding regions for the 14-3-3s were amplified by polymerase chain reaction, placed as translational fusions with GFP in pBI12135sGFP(S65T), and transformed into Arabidopsis Wassilewskija by vacuum infiltration. Five-day-old plants were visualized using an Olympus IX70 inverted microscope (Tokyo, Japan) mounted to a Bio-Rad MC 1024ES laser scanning system with 24-bit confocal imaging. Images were Kalman averaged four times.
that are modified by alternative splicing, 14-3-3 null mutations can result in defects that are embryo lethal (Li et al., 1997) . These data suggest that the roles of 14-3-3s are so fundamental that complete or nearly complete loss of function is lethal. These data also seem to suggest that, at least in these rather simple gene family systems, the core activities of 14-3-3s are redundant. In yeast, for example, neither of the 14-3-3 single gene disruptants is lethal. In D. melanogaster , null mutations of the leonardo gene are embryo lethal, yet other mutations and alterations of expression can produce a series of rather severe, but somewhat variable, phenotypes largely connected to Ras/Raf signaling events (Li et al., 1997) . Therefore, in complex higher organisms, alterations in phenotype caused by modulations of individual 14-3-3 genes are possible, even in the context of potential functional redundancy.
In plants, phenotypes associated with 14-3-3 genes have been examined solely by reverse genetic approaches. To date, T-DNA knockouts of Arabidopsis 14-3-3 genes have failed to produce any obvious phenotypes (Krysan et al., 1996) , but overexpression and antisense constructions have produced phenotypic changes that allow insights into 14-3-3 function in plants. Work with overexpression and antisense constructions of 14-3-3s in potato suggested a role for 14-3-3s in plant development and senescence via an unknown mechanism involving an inverse correlation between 14-3-3 levels and senescence (Markiewicz et al., 1996; Wilczynski et al., 1998) that was attributed to nuclease activity reported previously as a function of 14-3-3s (Szopa, 1995) . Arabidopsis plants expressing antisense or reduce or eliminate the expression of and in leaf starch grains (Sehnke et al., 2001) . As a result, these antisense plants accumulate an unusual amount of starch but show no other obvious visible changes in the leaves.
This phenotype prompted the question of which granuleassociated starch synthetic enzyme(s) might be regulated by 14-3-3s. A search of the NCBI nonredundant translated nucleotide database revealed that starch synthase IIIs contains a highly conserved 14-3-3 binding site, and experimental evidence suggests that 14-3-3s interact with the starch synthase III DulI, potentially to regulate starch accumulation (Sehnke et al., 2001) . Because 14-3-3s are well-documented regulators of NR, these same antisense and plants with decreased 14-3-3 expression also were analyzed for their ability to assimilate nitrate. Different concentrations of ammonium nitrate were used to fertilize the antisense and plants along with wild-type controls under otherwise normal growing conditions ( Figure 5 ). With no fertilizer treatment, wildtype and antisense plants grew to the same mass. However, with the addition of 1 mM ammonium nitrate, the antisense plants grew appreciably larger, as measured by both mass and canopy area. The increased efficiency for nitrate uptake was not observed when toxic levels of ammonium nitrate were provided, suggesting that antisense plants still are responsive to excess nitrate. Together, these data strongly suggest that the removal of specific NR inhibitors in vivo, namely and 14-3-3 isoforms, allows increased efficacy regarding nitrate assimilation, most likely via NR regulation.
All of these data on the evolution, localization, and biological phenotypes indicate that the 14-3-3s contribute to fundamental biological processes and suggest that, in spite of the conservation of their core structure, isoforms have a degree of specificity with regard to the client proteins with which they interact. This potential for biological specificity is reflected most directly in the biochemical specificity and affinity of individual 14-3-3-client interactions. Widely differential binding of recombinant Arabidopsis 14-3-3 isoforms to substrate target peptides has been demonstrated in two different model 14-3-3-client systems, NR and H ϩ -ATPase. In both systems, the ability of the recombinant proteins to bind the target peptide required phosphorylation of the target. A An ammonium nitrate response curve was generated for antisense 14-3-3 Arabidopsis versus the wild type. Transgenic Arabidopsis expressing antisense and 14-3-3 isoforms and wild-type plants were fed water and 1 and 100 mM ammonium nitrate. Plants were grown under identical environmental conditions. Images of wild-type (top), antisense (middle), and antisense (bottom) plants grown in 1 mM ammonium nitrate are shown at top, and the concentrations of at least six plants of each type were recorded for the graphs at bottom. synthetic 18-mer phosphopeptide based on the regulatory sites of spinach NR was used in pulldown assays against several Arabidopsis 14-3-3 isoforms (Bachmann et al., 1996) . Strong binding occurred between the NR phosphopeptide and , moderate binding occurred for both and , and little or no binding occurred for and . Relative binding correlates directly with the ability to inactivate NR, with the strongest inactivating isoform and and essentially incapable of inactivating NR.
A synthetic 16-mer phosphopeptide of the C-terminal amino acids of the AHA2 H ϩ -ATPase was used for surface plasmon resonance spectroscopic analysis of the relative affinities of nine Arabidopsis 14-3-3 isoforms (Rosenquist et al., 2000) . Binding to the AHA2 phosphopeptide ranged from very strong (for and ) to extremely weak (for and ), and the relative affinities among the nine isoforms largely aligned with the relative positions of the isoforms on the phylogenetic tree. In these different but well-characterized model systems, recombinant homodimeric 14-3-3 isoforms displayed specific and wide-ranging affinities for the target peptides, indicating that for the limited structural recognition peptide, differentially specific in vitro interactions clearly exist among isoforms.
14-3-3 CLIENTS: A PROTEOMICS PERSPECTIVE
The paradigm binding site sequence for 14-3-3 proteins is R/KxxpS/TxxP. This sequence is based on the consensus Raf binding site from animal systems, but observation and peptide competition studies show that the site is appropriate for plant 14-3-3s. It also is referred to as the mode-1 type site (Yaffe et al., 1997) and includes the largest number of characterized interactions. In many instances, it is a useful consensus for plant 14-3-3 interactions. However, a number of issues should be considered before adopting consensus sites in plants. First, the known binding sites within plants and especially Arabidopsis should be used to evaluate the current validity of the consensus. Then, the distribution of consensus targets sites within the genome should be evaluated.
An Initial Listing of Potential 14-3-3 Clients
The 14-3-3 proteins bind to a wide array of client proteins. To date, the discovery of 14-3-3 involvement in many metabolic and signaling pathways has been coincidental, and most binding mechanisms are not characterized fully (Table 1) . However, these interactions, together with less-well-understood interactions with enzymes, transcription factors, and chaperones that occur throughout the cell, serve to present an appropriate first impression of the tremendously broad range of client types under consideration (Figure 6 ). This impression is enhanced by biochemical studies designed to illuminate 14-3-3-dependent regulation of entire metabolic pathways, which bring additional and wide-ranging 14-3-3 clients under consideration (Moorhead et al., 1999) .
In the classic example of plant 14-3-3 enzymatic regulation, NR, the confirmed site of phosphorylation for Arabidopsis NR, is in the hinge region at Ser-534. The complete phosphorylation and 14-3-3 binding site is KSVpSTP and is essentially conserved among NR from other plants. This site conforms to the consensus mode-1 14-3-3 binding site, and studies with mutated spinach NR have illustrated the fidelity of the recognition system (Athwal et al., 1998b) . The requirement for a basic residue preceding the pS also is required for phosphorylation by the kinase CDPK. To date, all of the clients characterized as interacting directly with 14-3-3s via phosphoserine/Thr fall into the same consensus, with the notable exceptions of the plasma membrane H ϩ -ATPases and the lipoxygenases. The lipoxygenases have an additional residue between the pS and the K (Holtman et al., 2000a (Holtman et al., , 2000b , reflecting the mode-2 sites from the mammalian 14-3-3 binding sites (Yaffe et al., 1997) . The H ϩ -ATPases use a unique three-residue 14-3-3 binding site that is at the very C termini of the proteins. However, this is the only example of such binding; therefore, it may represent a specialized or smaller class of 14-3-3 clients.
The mode-1 RxxpSxP and KxxpSxP consensus sequences implicate a large percentage of the potential proteins within the Arabidopsis genome as possible 14-3-3 14-3-3 Proteins S349 clients ( Figure 7 ). When these sites are presented in a search of the potential protein products deduced from the genome sequence, nearly 6000 predicted proteins are revealed as containing a 14-3-3 recognition sequence. (Pattern search analysis of the Nonredundant Arabidopsis Protein Database using PatMatch at The Arabidopsis Information Resource with the potential consensus 14-3-3 binding sites KxxSxP and RxxSxP identified 2869 and 2930 unique hits, respectively.) This means that approximately one in four proteins is potentially affected by 14-3-3 regulation. The theoretical maximum number of targets for a hexameric binding site with residues fixed at three positions is 20 3 , or 8000. This implies that there is some selection or limitation within the Arabidopsis genome of residues constituting the potential 14-3-3 binding sites, potentially constraining the actual consensus sequence. Closer analysis of representative potential targets demonstrates examples of this pattern and preference (Table 2) . Clearly, the various potential sequences of the consensus are not represented equally in the Arabidopsis genome.
To date, binding or regulation of plant proteins by 14-3-3s has required only a single 14-3-3 target sequence in the protein. However, in the mammalian 14-3-3 literature, there is growing interest in structural proteins that appear to bind 14-3-3s in multiple copies and perhaps sequester them. Interestingly, analysis of the potential Arabidopsis proteome 14-3-3 binding partners, with regard to the distribution of the number of putative mode-1 14-3-3 binding sites per protein, indicates that this system may exist in plants as well. Although the majority of the clients possess single 14-3-3 binding sites, Ͼ500 contain two sites. Several contain multiple sites, with 13 potential sites in one protein (Figure 7) .
From these database analyses, it is apparent that the potential client list for mode-1 14-3-3 interaction is rather large. All of these potential clients contain at least one of the R/KxxSxP binding sites. But the mode-1 site is not the only site at which 14-3-3s interact with their clients. To gain a complete picture of the potential 14-3-3 interactions in Arabidopsis, mode-2 sites and nonphosphorylated interactions also must be considered.
Expanding the Potential Client List
The mode-2 consensus sequence is R/KxxpSxP. Pattern search analysis of the Arabidopsis database revealed that Ͼ6000 potential proteins contain at least one mode-2 binding site (Figure 7 ). Refined searches revealed that ‫009ف‬ mode-2 sites also are mode-1 sites, reducing the theoretical sum of potential 14-3-3-interacting proteins to ‫.000,11ف‬ Some further reduction in this total is necessary because some proteins with multiple sites will have both mode-2 and mode-1 sites. A combined search of mode-1 and mode-2 sites (R/Kx 2,3 SxP) identified 10,521 targets. Therefore, the total number of potential 14-3-3 mode-1/mode-2 clients includes 40% of all potential Arabidopsis proteins. However, Evidence of 14-3-3 participation in various plant physiological processes has arisen largely from the study of diverse client systems and most likely represents only a small proportion of their cellular involvement. Additionally, the localization of specific 14-3-3 isoforms is only now beginning to be elucidated with the production of isoform-specific antibodies. An up-to-date summary of 14-3-3-client localization is shown. CP, cytoplasm; Mito, mitochondrion; Nuc, nucleus; PM, plasma membrane; Vac, vacuole. full consideration of the potential client list also must include interactions that are neither mode-1 nor mode-2. The C-terminal binding site of the H ϩ -ATPases remains unique, but it opens the possibility for another family of clients. Nonphosphorylation-dependent interactions also have been reported (Petosa et al., 1998; Halbach et al., 2000; Zhai et al., 2001) , creating yet another category of interactions outside of phosphorylated signal transduction. Thus, the potential client list could expand further. Are we to conclude, then, that 14-3-3 proteins affect the regulated activity of half the proteins in Arabidopsis? Certainly, the potential exists. The mode-1 and mode-2 sites are present in the sequences of Arabidopsis proteins, and kinases that could phosphorylate them abound. There are several factors, however, that will reduce this client list. In terms of protein structure, sites that are buried within the structure of the protein are inaccessible to the 14-3-3s and to the kinases that would phosphorylate them. Biologically, the phosphorylated client would have to be present within the same cellular context and in the proper physiological environment (divalent cation levels, pH, etc.) for the interaction with 14-3-3s to occur. These restrictions undoubtedly will reduce the number of biologically relevant 14-3-3 clients and also will serve as biological checks for determining bona fide in vivo 14-3-3 clients.
PERSPECTIVES
The discovery of 14-3-3 proteins and the elucidation of their roles have prompted an evolution in the understanding of phosphorylation-induced signal transduction. What could be viewed at one time as a relatively simple phosphorylation event now must be viewed as the first step in a multistep process that is mediated by 14-3-3 proteins. Hence, the need to understand the role of 14-3-3s now necessarily accompanies the goals of understanding kinase-induced signal transduction. Historically, the discovery of roles for 14-3-3s in plant physiological regulation has been an ad-hoc, timeconsuming, and rate-limiting step that arose from analyses of individual clients. This has led to some gaps in understanding that should be approached with interpretive care, such as the impression that 14-3-3s in animals are involved directly in kinase cascades, whereas 14-3-3s in plants are involved directly in metabolic enzyme regulation. However, the prospect of accelerating the identification process using proteomic analyses of defined groups of genes, coupled with comprehensive organ, tissue, and subcellular localization studies, should provide formidable tools for gaining an accurate understanding of global 14-3-3 interactions and regulation. More than 5799 gene products, or slightly Ͼ20% of the entire proteome, contain a mode-1 14-3-3 binding site. More than 500 gene products contain two or more mode-1 sites, and Ͼ6000 gene products contain mode-2 14-3-3 interaction sites. In total, nearly 40% of the proteins encoded by the Arabidopsis genome are potentially subject to regulation that involves 14-3-3 interaction. As the biological roles of 14-3-3 proteins continue to be elucidated, two fundamental questions should guide experiment design. First, is 14-3-3 diversity biologically relevant, or is diversity a tolerated result of the need to ensure 14-3-3 activity in all cells? Current data suggest that diversity is relevant, but they support no firm conclusion, in part because most client experiments have addressed diversity as a tangential aspect rather than a direct hypothesis. More experiments should assay not only the 14-3-3s that associate with a client but also those 14-3-3s that are present but not associated. Such experimental approaches are necessary to reduce anecdotal observation to tested fact. Second, are 14-3-3 proteins active regulatory molecules that impose another layer of regulation on top of the kinase signal, or are they passive cofactors that blindly attach to their clients and lead to inevitable and nonconditional conclusions? More information is needed on the in vivo state of 14-3-3 molecules with regard to their own modification in cellular contexts, their interaction with cations, and the structural and biochemical effects of these modifications and interactions. Only then can they be defined as relatively simple signaling cofactors or as complex focal points for signal integration and regulation.
Accession Number
The GenBank accession number for the predicted protein possessing 13 potential 14-3-3 target sites is AAF81360.
